Background. The rate of recurrent tuberculosis disease due to reinfection, compared with the incidence of new tuberculosis, in those with and without HIV infection is not known.
Recurrent episodes of tuberculosis disease can occur as a result of relapse of the original infection, or following reinfection [1] . In a study in Cape Town, South Africa, the rate of reinfection disease (established by molecular typing) was much higher than the incidence rate of new tuberculosis [2] . This suggests that natural infection is failing to provide protection against reinfection, with worrying implications for vaccine development. However, in that study, although HIV prevalence was thought to be low (11% of new cases), the status was unknown for those with recurrences who might have higher human immunodeficiency virus (HIV) prevalence, so the extent to which this apparent lack of protection is attributable to HIV is unclear.
HIV infection greatly increases the incidence of new and recurrent tuberculosis [3] . For first episodes of disease, the extent of this increase depends on the duration of HIV infection [4] and the degree of immunosuppression [5] . Among HIV-positive patients, the rate of recurrence has been reported to be higher in those patients with lower CD4 counts in some studies [6] [7] [8] but not other studies [9, 10] and to be higher in those with symptomatic HIV before tuberculosis [9] . It is not known whether the rate of recurrence varies by duration of HIV infection.
HIV-induced immunosuppression might be expected to increase recurrence by both relapse and reinfection, but when measured directly, HIV infection appears to increase the rate of reinfection disease but not relapse [10, 11] . Relapse and reinfection disease can only be reliably distinguished if molecular typing of strains from the 2 episodes is available. In the absence of paired DNA fingerprints, the timing of the recurrence can give clues to the likely cause, because relapses generally occur soon after the end of treatment, whereas reinfection disease occurs at a more constant rate over time [10] [11] [12] .
In a large cohort of South African gold miners with known dates of seroconversion to HIV, and a comparison group of HIV-negative miners, we have previously measured incidence of new pulmonary tuberculosis [13] . The overall rates were 0.75 cases per 100 person-years at risk (PYAR) (95% confidence interval [CI], 0.67-0.84) in the HIV-negative men and 3.7 cases per 100 PYAR (95% CI, 3.3-4.1) in the HIV-positive men. Rates increased with age, calendar period, and duration of HIV infection, reaching 1.2 cases per 100 PYAR (95% CI, 0.89-1.7) in the HIV-negative men in 2003-2004 and 10.0 cases per 100 PYAR (95% CI, 6.5-15.5) у10 years after seroconversion to HIV [13] . We now examine recurrence rates in the same cohort during the same time period, by HIV status, and the duration of HIV infection.
METHODS
We conducted a retrospective cohort study in 4 mines in Gauteng Province, South Africa, using routinely collected data. HIV testing (enzyme-linked immunosorbent assay, with confirmation of positive results) was performed, with counseling and consent, in 2 surveys in the early 1990s, in sexually transmitted disease clinics, and as clinically indicated. Using tests performed from 1991 to 1997, and after excluding tests from medical and tuberculosis wards (as these would be biased toward inclusion of individuals with symptomatic disease), we identified a cohort of individuals with intervals of !3 years between their last negative and first positive HIV test result. They were compared with individuals who were HIV-negative in a survey in 1992-1993, with no later evidence of HIV infection [4, 14] . Approval for the study was received from the ethics committees of the University of Witwatersrand and the London School of Hygiene and Tropical Medicine.
A database is kept of all miners diagnosed with tuberculosis. Medical services are free and provided by the mining company. Until 1995, only pulmonary cases were recorded. All miners are screened by chest X-ray once a year and can self-present at any time. Tuberculosis is diagnosed on the basis of smear, culture, X-ray, and a clinical algorithm. We included pulmonary and extrapulmonary tuberculosis, but disease due to nontuberculous mycobacteria was excluded. Ninety percent of both HIV-positive and HIV-negative cases are bacteriologically confirmed (ie, smear and/or culture) [13] .
Patients with tuberculosis from the 4 mines are treated at a single hospital. Both new and recurrent cases receive directly observed therapy, according to national guidelines. For new cases, this comprises 2 months of treatment with isoniazid (H), rifampin (R), pyrazinamide (Z), and ethambutol (E), followed by 4 months with H and R (2HRZE 4HR). The 8-month retreatment regimen adds streptomycin (S) in the initial phase (2HRZES, 1HRZE, and 5HRE). If drug resistance is found, the regimen is altered appropriately [15] . Multidrug resistance was defined as resistance to at least isoniazid and rifampin. Isoniazid prophylaxis was not used during the period of the study. Antiretroviral therapy was introduced in late 2004; December 2004 was taken as the end of the study period.
Episodes of tuberculosis were defined as follows. The start of the episode was taken as the earliest of the culture date, smear date, diagnosis date, admission date, or treatment date. The end of the episode was taken as the date that treatment was stopped. If this was not available, then the date of the third culture (taken toward the end of treatment) was used, or if this was missing, then a date 7 months after starting treatment, or if this was unknown, then a date 8 months after the start of the episode. A recurrence was defined as an episode that started after the end of the previous episode, unless treatment interruption was recorded, in which case it was assumed to be a continuation of the same episode. Outcomes of each episode (such as "cure") were only recorded from 1995 onward.
Analysis of recurrence rates. We calculated rates of recurrence among individuals who had had an episode of tuberculosis during the study period, using survival analysis and Poisson regression. Individuals entered the analysis at the end of the previous episode and were censored when they developed a new episode of tuberculosis, left the mine, died, or reached the end of the study.
Analyses assessed risk factors for recurrence in HIV-positive and HIV-negative patients and the effect of HIV infection on recurrence. Calendar period, age, years after the first episode, and time from seroconversion to HIV were treated as timevarying covariates, using Lexis expansion. The effect of duration of HIV infection was assessed both as total time from seroconversion and as duration of HIV infection before the first episode. It was hypothesized that individuals who first developed tuberculosis soon after HIV seroconversion might be fast HIV progressors and likely to have a high rate of recurrence, and that individuals with longer time intervals since HIV seroconversion might be more immunosuppressed and therefore more likely to have recurrences. Analyses were stratified by whether the individual had had only 1 or more than 1 previous episode of tuberculosis.
Sensitivity analyses. Because HIV testing was not routine, seroconversions might have been missed, so analyses in HIVnegative miners were repeated, censoring individuals 1 year after their last negative result. However, because tuberculosis may have led to testing, tests done within 1 month of tuberculosis diagnosis were excluded.
Analyses were also repeated, restricted to those episodes due to culture-proven Mycobacterium tuberculosis. For these analyses, follow-up was still censored at recurrences with proven or nonproven tuberculosis, as individuals received treatment from this time.
Estimation of rates of recurrence due to reinfection. Because early recurrences include a high proportion of relapses, analyses were repeated excluding recurrences occurring in the first 2 years after the end of the first episode. This was further restricted to those with reported cure, and with only 1 previous episode of tuberculosis.
RESULTS
During the period of the study, 486 HIV-positive and 410 HIVnegative men in the cohort had an episode of tuberculosis.
After excluding those whose episodes ended after the end of the study, who died, or who left the mine during treatment, there were 342 HIV-positive and 321 HIV-negative men from the cohort who had an index episode of tuberculosis (pulmonary or extrapulmonary episode) during the study period and were still under observation at the end of the episode, in whom rates of recurrence could be assessed. The end of the episode was defined as the date treatment was completed for the 62% of men included in the analysis.
Recurrence rates in HIV-positive men, compared with HIVnegative men. Overall, recurrences occurred in 115 (34%) of 342 HIV-positive men and 67 (21%) of 321 HIV-negative men. Rates of recurrence are shown in Tables 1 and 2 for HIVnegative and HIV-positive men, respectively. Figure 1 shows the proportion of patients with recurrences by HIV status by time since the end of the index episode, overall ( Figure 1A) , and separately for those with 1 previous episode ( Figure 1B ) or more than 1 previous episode ( Figure 1C ). The overall rate was higher among those with HIV infection: 19.7 cases per 100 person years at risk (PYAR) versus 7.7 cases per 100 PYAR (hazard ratio [HR], 2.6; 95% CI, 1.9-3.4). This increased slightly after adjusting for current age, number of previous episodes, and duration of follow-up after the index ep- isode (adjusted HR, 2.8; 95% CI, 2.1-3.9). However, there was an interaction with the number of previous episodes of tuberculosis (likelihood ratio test for interaction, ), with HIV P p .02 infection having much more effect in those with only 1 previous episode (HR, 3.2; 95% CI, 2.2-4.5) than in those with more than 1 previous episode (HR, 1.3; 95% CI, 0.64-2.5).
Among those with only 1 previous episode of tuberculosis, the effect of HIV hardly changed when adjusted for other factors. Among those with more than 1 previous episode, the estimate increased slightly after adjusting for duration of follow-up (adjusted HR, 1.6; 95% CI, 0.77-3.2) but was not changed by adjusting for other factors.
Restricting to culture-confirmed cases, the rates were slightly lower (Tables 1 and 2 ), but the results were otherwise similar. HIV infection increased the rate of recurrence more in those with only 1 previous episode (HR, 2.8; 95% CI, 1.8-4.3) than in those with more than 1 previous episode (HR, 1.5; 95% CI, 0.70-3.1; test for interaction). Neither of these estimates P p .1 changed after adjusting for possible confounders.
Risk factors for recurrence in HIV-negative men. All available risk factors are shown in Table 1 . Among the HIV-negative men, the only factors associated with recurrence in the univariate analysis were isoniazid resistance in the index episode (HR, 2.8; 95% CI, 1.6-5.1), and number of previous episodes of tuberculosis, with a higher rate in those with more than 1 previous episode than in those with only 1 episode (HR, 2.4; 
1.5-4.0). There was an interaction between isoniazid resistance and number of previous episodes (likelihood ratio test, P p
), with the increased risk associated with isoniazid resistance .02 only being seen in those with only 1 previous episode (HR, 4.6; 95% CI, 1.9-11.2) and not in those with more than 1 previous episode (HR, 0.95; 95% CI, 0.40-2.3). None of the other factors shown in Table 1 were associated with recurrence in those with only 1 previous episode of tuberculosis, and no factors were significantly associated with recurrence in those with more than 1 previous episode of tuberculosis. The results restricted to those with culture-proven episodes were very similar (data not shown).
Among the HIV-negative men with recurrences, 43% had negative tests available at the time of the recurrence or later, 18 of 37 with recurrences within 2 years, and 11 of 30 with later recurrences. Restricting to the HIV-negative men censored at 1 year after the last negative test (excluding tests done around the time of tuberculosis), there were 19 recurrences in 253 PYAR (rate, 7.5 cases per 100 PYAR; 95% CI, 4.8-11.8). Estimates of rates by each of the available risk factors were similar to those in the whole data set (Table 1 ), but confidence intervals were wide because of the small numbers. However, in this restricted data set, recurrence was less common more than 2 years after the index episode than within the first 2 years (HR, 0.37; 95% CI, 0.11-1.3).
Risk factors for recurrence among HIV-positive men. Among the HIV-positive men, the number of previous episodes of tuberculosis and drug resistance in the index episode made little difference to recurrence rates ( Table 2 ). The only factor associated with recurrence in the univariate analysis was time since the first episode, with higher rates after the first 2 years (HR, 1.7; 95% CI, 1.2-2.4). No other associations were apparent in the multivariate analysis, and the association with time since the first episode was not changed by adjusting for other factors.
Analyses were repeated separately for those with only 1 or more than 1 previous episode of tuberculosis. Among those with more than 1 episode, there were no associations with recurrence, but numbers were small (13 recurrences in total). Among those with 1 previous episode, the only factor associated with recurrence was the time since the first episode, with higher rates after the first 2 years (HR, 1.6; 95% CI, 1.1-2.4). There was little evidence that either total time since seroconversion or duration of HIV infection before the index episode influenced the recurrence rate, either overall (Table 2; Figure 2 ) or when restricting to those with only 1 previous episode, or when additionally restricting to the period more than 2 years after the first episode. The HR for recurrence after the first episode of tuberculosis per year increase in total time since seroconversion was 1.05 (95% CI, 0.97-1.13), and this was similar when restricted to the period more than 2 years after the first episode (HR, 1.06; 95% CI, 0.91-1.22). Equivalent figures for the HR for recurrence per year increase in duration of HIV before the first episode of tuberculosis were 1.01 (95% CI, 0.93-1.09) for the whole period and 1.10 (95% CI, 0.97-1.24) for the period more than 2 years after the first episode.
Restricting to those with culture-confirmed episodes, the results were similar, although the association with duration of follow-up was reduced (HR, 1.3; 95% CI, 0.82-2.0). There were no associations between duration of HIV infection and recurrence.
Comparison of incidence rates and recurrence rates. Incidence rates, as estimated elsewhere [13] , and recurrence rates from this study are shown in Table 3 . Recurrence rates were much higher than incidence rates for both HIV-negative and HIV-positive individuals. After minimizing the likely contribution of relapse (by restricting to those with only 1 previous episode, excluding the first 2 years, and including only those with recorded cure) and restricting to pulmonary tuberculosis to allow comparison with the earlier data, rates of recurrence were still ∼3 times that of incident tuberculosis in both HIVnegative and HIV-positive individuals.
DISCUSSION
The rates of recurrent tuberculosis in this population were very high in both HIV-positive and HIV-negative men, at 19.7 and 7.7 cases per 100 PYAR, respectively. In a previous meta-analysis, among individuals receiving 5-6 months of rifampin-containing regimens, recurrence rates were estimated at 2.0 cases per 100 PYAR for HIV-negative individuals and 4.2 cases per 100 PYAR for HIV-positive individuals over a median of 34 months, with a tuberculosis incidence of 250 cases per 100,000 PYAR [3] . The authors estimated that there would be an additional 0.14 cases per 100 PYAR for each increase in tuberculosis incidence of 100 cases per 100,000 PYAR to allow for more reinfection disease. Incidence of tuberculosis was very high among the miners, rising from 800 to more than 2000 new cases per 100,000 PYAR over the period of the study [13] . Using an incidence of 2000 cases per 100,000 PYAR, recurrence rates of 4.5 cases per 100 PYAR in the HIV-negative men and 6.7 cases per 100 PYAR in the HIV-positive men might be expected. However, this implicitly assumes that the contribution of reinfection disease is the same for HIV-positive and HIV-negative individuals, which we know not to be the case [10, 11] .
For the HIV-negative men, our rates were higher than the estimate, but not much higher when restricted to those for whom cure was recorded (6.1 cases per 100 PYAR). It is possible that some seroconversions in the HIV-negative cohort were missed, but nearly half of those with recurrences were known still to be negative at the time of recurrence, and censoring the analysis at 1 year after the last negative test gave similar results, although based on small numbers. Susceptibility due to silica exposure is likely to have contributed to the high rates [16] .
For the HIV-positive men, our rates (19.7 cases per 100 PYAR) were much higher than the estimate. This is consistent with an important role played by reinfection disease, which may have been underestimated in the model. A fall in recurrence rates after the first 2 years would be expected, reflecting decreasing relapse rates with time [3] . This was not seen for either the HIV-negative or HIV-positive men; in fact, the rate increased slightly in the HIV-positive men. This suggests that reinfection disease predominates among the HIV-positive men, as we have also shown directly [10] . Among the HIV-negative men, the expected fall may have been masked by unknown seroconversions. When censored 1 year after the last negative test, recurrence rates in the HIV-negative men did decrease over time.
Because the high rate of recurrence in the HIV-positive men was probably largely due to reinfection disease, it would be expected that the rates should increase with calendar year (since the background incidence increased over time) and by duration of HIV infection (since this has been shown to be strongly associated with the risk of the first episode of tuberculosis). Neither effect was found.
It seems as though having had an episode of tuberculosis is such a sensitive marker of susceptibility to future infection and/ or disease that other factors become relatively unimportant. This is also apparent in the HIV-negative men. As shown in Table 3 , rates of recurrence likely to be due to reinfection were 13 times higher than the incidence of new pulmonary tuberculosis during this period. Furthermore, HIV-negative men with more than 1 previous episode had recurrence rates approaching those of the HIV-positive men, and the timing of the recurrences ( Figure 1C) did not suggest that they were all relapses.
Similarly, for the HIV-positive cohort, the incidence of late recurrences was much higher than the incidence of new pulmonary tuberculosis and was twice as high as the incidence of new pulmonary tuberculosis in those infected for 110 years.
This analysis was based on data on tuberculosis kept routinely by the mine hospital in a custom-built database. We used the decisions recorded in this database to define episodes of tuberculosis, including some that were not bacteriologically confirmed. However, the results were very similar when restricted to culture-proven episodes. Another potential limitation is that men were lost to follow-up when they left the mine. Sicker men may be more likely to leave, which would underestimate the recurrence rate.
The very high incidence of both new disease and of recurrence reflect the mine environment, but our results are consistent with those from a general population in Cape Town, in which rates of recurrence due to reinfection were estimated at 4 times the rate of new disease [2] . In our study, we could only infer the contribution of reinfection; in the Cape Town study, HIV status was unknown, but the results complement each other. Together, they suggest that whatever makes the individual susceptible to tuberculosis disease initially continues to act as a major risk factor for recurrence. This could be, for example, genetic factors, or underlying lung disease, including, in our study, silica exposure, alcohol consumption, or the immunosuppression that led to the first episode. In this mine population it is unlikely to be variation in exposure to infection or socioeconomic differences.
These findings have 2 important implications. Although recurrence due to reinfection implies that immunity owing to prior natural disease can fail, if it is heterogeneity in susceptibility of individuals that leads to higher rates of reinfection disease rather than new disease, then a (hypothetical) vaccine could still provide useful protection in much of the population. There may be a subset of the population that is particularly susceptible for whatever reason, but a vaccine could still be useful for the rest. The apparent failure of natural infection to provide any protection would be seen because the first episode had selected particularly susceptible individuals. And, if the first episode selects those at high risk, then this strengthens the case for secondary preventive therapy [6] .
